In order to investigate a potential use of concentrating solar power technologies and select an optimum site for these technologies, it is necessary to obtain information on the geographical distribution of monthly average daily solar irradiation over an area of interest. In this study, three different models (Paltridge, Daneshyar, and modified Daneshyar) for the estimation of solar irradiation were discussed, and it turns out that the best result belongs to modified daneshyar method. This modification was necessary in order to accommodate tropical climate condition. The modifications are made by the inclusion of altitude, monthly total number of cloudy days, and variation of Sun-Earth distance.
Introduction
Peninsular Malaysia (coordinates: 4 ∘ 0 N 102 ∘ 30 E) is in the tropical region. The characteristic features of the climate of Peninsular Malaysia are uniform temperature, high humidity, and copious rainfall. Seasons have been identified and categorized into four categories in Malaysia, namely, the southwest, monsoon, northeast monsoon, and two shorter periods of intermonsoon seasons.
Being a maritime country and close to the equator, Peninsular Malaysia naturally has abundant sunshine and hence high solar radiation. However, it is extremely rare to have a full day with completely clear sky even in periods of severe drought. On average, Peninsular Malaysia receives about 6 hours of sunshine per day. Solar radiation is closely related to the sunshine duration. Its seasonal and spatial variations are thus very much the same as in the case of sunshine. The solar radiation in Malaysia ranges from 6.5 kWh/m 2 in the month of January and drops lower to 6.0 kWh/m 2 in the month of August.
Lately, the demand for energy is expected to increase worldwide over the next 24 years. The government of Malaysia had changed the fuel policy to add renewable energy as a source of fuel in 1999. One of these renewable energy sources is solar radiation. To determine a potential use and select an optimum site for these technologies, it is necessary to obtain information on the amount of direct normal solar irradiation and its temporal and spatial variability over an area of interest.
The objectives of the present research are to estimate the monthly average daily global surface irradiation ( sc ) in various locations of the Peninsular where the population, 2 International Journal of Photoenergy industrial activities, agricultural productions, and energy demand are high, but solar energy measurements are not widely available.
However, in recent years, few individual studies have been carried out on this subject for different locations in Malaysia [1] [2] [3] . An analysis of recent meteorological and radiation data in Malaysia along with prediction of solar radiation by neural network was done in [1] ; it revealed that global solar radiation values depended strongly on rainfall. A different model for prediction of solar radiation was discussed in [2] . An investigation of a relationship between solar radiation and temperature and prediction of solar radiation base on robust linear regression was done in [3] . Azhari et al. used satellite images to predict the solar energy as an alternative method [4] . The solar radiation estimates for Peninsular Malaysia were published by Chuah and Lee [5] , in which the Angstrom type regression equation was used to clear day irradiation at the locations. Some other work was done for tropical region [6, 7] . In all these methods, calculation of solar radiation needed satellite image or redundant calculation which is costly, but the new method used in this paper does not need to any satellite images and calculation accuracy is guaranteed. 
Methodology
where the cosine operates on degrees. is the number of days elapsed. Other input data were determined as follows: maximum sunshine hours ( ) from Cooper [8] ; total daily extraterrestrial solar irradiation ( ext ) and hour angle ( ) from Iqbal [9] ; solar constant from Royal Meteorological Institute of Belgium. The solar zenith angle is a function of time, day number, and latitude. It can be calculated by using the relation [10] cos = sin × sin + cos × cos × cos ,
in which is the declination of the sun and is the latitude (defined as positive in the northern hemisphere), and , the hour angle. Cloud factor (CF), is not normally reported in Malaysian meteorological sites. This parameter could be obtained by use of the numbers of cloudy days in each month and the cloud cover. Cloud cover is observed every three hours in three different ranges: (0-2) oktas, (3-6) oktas, and (7-8) oktas. To convert the cloud cover to CF, the following relationship is used [11] :
where 1 , 2 , and 3 are the total numbers of days in each month, with zero to 2/8, 3/8 to 6/8, and 7/8 to 8/8 oktas, respectively. It should be pointed out that the influence of CF on hourly (short-term) solar irradiation can be pronounced. For long-term climatological studies, the hourly variation of CF has little effect on monthly mean radiation. Though, in this work, for reducing the possible errors, the hourly (every 3 hours) CF data were used for the daily integration.
Formulation Methods

Method 1: Paltridge (P).
This model can determine the instant and total daily irradiation at any location. This model which requires solar zenith angle ( ), day length ( ), and cloud factor as the input was presented by Paltridge and Proctor [12] . This model assumes that the effect of albedo and aerosol optical air mass on surface irradiations are small (less than 5%). The hourly direct and diffuse irradiation is determined by
where dir and dif are the hourly direct and diffuse irradiations at the horizontal surface. 
where (in degrees) is given by 0.9863 × where is the day of the year; is set equal to 0 on January 1 and equal to 364 on December 31; (3) surface albedo modification ( saf ) was done over last method. Changing the surface albedo ( ) at wavelengths greater than 0.4 m has small effect on global irradiation [12] . In regions where cloud cover and relative humidity are large like in the Malaysian climate, multiplescattering process may increase the diffuse and global surface radiation. For this work, a surface albedo of 0.2 is assumed as the reference albedo [12] and the monthly surface albedo factor ( saf ) is determined according to (8) . In these methods, the model results are modified by saf factor:
sc ( ) and sc ( 0.2 ) are total daily global radiations computed from the relationship described in Rehman [14] : sc ( ) = ext (0.1572 + 0.556 ( / )) (1 − (0.25 ( / ) + 0.6 (1 − ( / )))) .
Finally, for the prediction of monthly mean daily radiant energy using the modified Daneshyar method (MD), the following relationship is suggested: 
where sc is the total daily integrated global radiation. In this work, to calculate the daily integration, the integral was simply converted to summation and added up every 15 minutes to obtain total daily global radiation.
Results and Observation
In order to estimate the solar irradiation for Peninsular Malaysia first the values of all parameters in (10) at all positions were calculated. Surface albedo was calculated by using (8) as the correction factor. Equation (3) was used to calculate the cloud factor and the solar zenith angle ( ) was determined by using (2) . The daily irradiation energy is hence obtained and then repeated for every 15 minutes and its summation for one day. To calculate monthly average daily solar irradiation intensity, data for the number of days in one month were averaged. The results are displayed in Table 1 and Figure 1 as monthly average daily solar irradiation. As a country close to the equator, Malaysia naturally has abundant sunshine and thus solar irradiation potential in using solar energy source as major energy resources. As we have seen in Malaysian solar irradiation table, most areas in Malaysia receive between medium and high solar irradiation in one year, except for certain regions in the rainy season.
On average, most areas in Malaysia receive solar irradiation intensity between 13.67 MJ⋅m −2 ⋅day −1 and 17.18 MJ⋅m −2 ⋅day −1 in one year. This is in accordance with the study undertaken by Chuah and Lee [5] for Peninsular Malaysia which was carried out to show that, on average, most areas in Peninsular Malaysia receive solar irradiation of International Journal of Photoenergy 5 about 450 W/m 2 which is close to the average except for the east coast in the rainy season. However, as can be seen in Table 1 , there is an area in the region of the northern Peninsular (Chuping) that has the most potential of solar intensity and solar energy application. This is because average sunlight which is received in this region is between medium and very high in one year including the month of December. Also, this is visible where the level of average solar irradiation intensity for northern Peninsular region is more than 16.79 MJ⋅m −2 ⋅day −1 throughout the year.
On the other hand, Kuala Terengganu has the least solar irradiation intensity compared to other regions especially in November where the minimum solar intensity received was only about 10.53 MJ⋅m −2 ⋅day −1 . This is quite in accordance with the study undertaken by Chuah and Lee [5] which showed that east coast accepts a minimum solar irradiation in rainy season. Also, this result is in contrast with the result of Azhari et al. [4] which showed that the minimum solar irradiation is about 2.19 MJ⋅m −2 ⋅day −1 for the month of December in the south of Malaysia.
Validation of the Model.
To validate their performance, the models were used to calculate monthly average daily global irradiation at 3 pyranometer stations in Malaysia. These stations were established by the Malaysian Meteorological Department (MMD) in 2010. Each station was equipped with a pyranometer (Kipp & Zonen, CM11) and a digital data logger (Yokogawa, DC-100). The signals from the pyranometers were recorded every second and these signals were averaged for every 10 min. The average values were recorded in the memory of the data logger and were then sent to the laboratory at the end of each month. At the laboratory, the signals were converted into hourly solar irradiation in MJ⋅m −2 ⋅day −1 . The pyranometers were calibrated once a year against a recently calibrated pyranometer supplied by Kipp & Zonen. One-year period (January-December, 2009) of global irradiation data from these stations was compared to that calculated from the model. The solar irradiation from these 15 stations is an independent data set because they were not involved in the model development. The comparison of the results between three models for KLIA station is shown in Figure 2 .
The model results are evaluated using mean bias error (MBE), root mean square error (RMSE), mean percentage error (MPE), and mean absolute bias error (MABE) statistical criteria. Errors are computed against the experimental daily global solar irradiation calculated for 3 models for KLIA site data. Results were shown in Table 2 .
As shown in Table 2 , Method 3 yields the best estimation for tropical climates of Malaysia showing the MPE error of less than 2.79% on average. The magnitudes of other errors (MBE, MABE, and RMSE) obtained from Method 3 are the least. Furthermore, the differences between the solar radiant energy predicted by Method 3 and the actual measurements show a nearly normal distribution (not shown here) compared to the other methods. In contrast, Method 1 with MPE error of more than 36% gives the worst estimation among the models. 
Conclusion
On average, most areas in Malaysia receive intensity of solar irradiation between 13.67 MJ⋅m −2 ⋅day −1 and 17.18 MJ⋅m −2 ⋅day −1 in one year. Apart from this, the estimated minimum intensity of solar irradiation was 10.53 MJ⋅m −2 ⋅day −1 which happened in the month of November compared to the maximum intensity of 19.28 MJ⋅m −2 ⋅day −1 in the month of January. Northern region of Peninsular Malaysia is perceived as enjoying high solar energy system development, whereas medium average intensities up to very high intensity are also experienced throughout the year in some of these regions. Sunshine hour angle (degrees) :
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